As is often the case with tightly binding inhibitors, okadaic acid produces its inhibitory effect on type 2A protein phosphatase (PP2A) in a time-dependent manner. We measured the rate constants associated with the binding of okadaic acid to PP2A by analysing the time-course of the reduction of the p-nitrophenyl phosphate (pNPP) phosphatase activity of the enzyme after application of okadaic acid. The rate constants for dissociation of okadaic acid from PP2A were also estimated from the time-course of the recovery of the activity from inhibition by okadaic acid after addition of a mouse IgG I monoclonal antibody raised against the inhibitor. Our results show that the rate constants for the binding of okadaic acid and PP2A are of the order of 107 M-1 s'-, a typical value for reactions involving relatively large molecules, whereas those for their dissociation are in the range 10-4-l0-3 s-1. The very low values of the latter seems to be the determining factor for the exceedingly high affinity of okadaic acid for PP2A. The dissociation constants for the interaction of okadaic acid with the free enzyme and the enzyme-substrate complex, estimated as the ratio of the rate constants, are both in the range 30-40 pM, in agreement with the results of previous dose-inhibition analyses.
INTRODUCTION
Okadaic acid is a polyether derivative of a C38 fatty acid (Tachibana et al., 1981) which is thought to be produced by some dinoflagellates (plankton) and to accumulate in other marine organisms such as sponges or shellfish as a result of filter feeding (Yasumoto et al., 1987; Yasumoto, 1990) . The substance is now widely used as a potent inhibitor of protein phosphatases [for review see Takai (1988) and Cohen et al. (1990) ].
The specificity of the inhibitory effect has been studied with purified enzymes (Hescheler et al., 1988; Bialojan & Takai, 1988; Haystead et al., 1989 ; see also Cohen et al., 1990) . It is well known that okadaic acid exhibits an exceedingly high affinity for type 2A protein phosphatase (PP2A), although it also inhibits type 1 and type 2B enzymes with much lower potency [for classification of protein phosphatases, see Cohen (1989) ]. Our dose-inhibition analyses have shown that the value of the dissociation constant K1 for PP2A is of the order of 30 pM (see Takai & Mieskes, 1991) . We have studied the characteristics of okadaic acid as a tightly binding inhibitor (Henderson, 1972) by means of a sensitive spectrophotometric method using p-nitrophenyl phosphate (pNPP) as substrate (Takai & Mieskes, 1991) . In the previous paper we discussed the limitation of steady-state analyses for determining the kinetic constants for the interaction of okadaic acid with PP2A.
During further experiments with the spectrophotometric method, we noticed that the inhibition of PP2A by okadaic acid was markedly time-dependent when the inhibitor was applied after the reaction was started. As pointed out by Cha (1975 Cha ( , 1976 , such time-dependence is a general feature of the action of tightly binding inhibitors, kinetic analyses of which often have to be done at enzyme concentrations comparable with the very low dissociation constant [see also Cha et al. (1975) and Williams & Morrison (1979) ]. Cha (1976) has described a method for utilizing the information contained in the pre-steady-state time-course to obtain values for the rate constants associated with the binding and dissociation of an enzyme and its inhibitor. With his assumptions, which can be applied to most reactions inhibited by a tightly binding inhibitor, mathematical analysis of the time-dependent process is reasonably simplified. However, the method requires some tedious replotting procedures and is not very sensitive for determining the rate constants for the dissociation of inhibitor from enzyme because of the inherent nature of the rate equation used (Cha, 1976 ; see the Theory section of this paper).
In this paper we have introduced an improved procedure for determining the rate constants from time-course data, which utilizes a sequestrating agent against the inhibitor. The rate constants for the association of a tightly binding inhibitor with an enzyme are more easily obtained by this procedure than by the method of Cha (1976) . The use of an inhibitor sequestrator makes it possible to observe the time-course of the recovery of enzyme activity from suppression by the inhibitor and thereby directly estimate the rate constants for the dissociation process. We have used the procedure to analyse the time-course of interaction of okadaic acid with PP2A. We have used as the sequestrating agent a monoclonal antibody which binds to okadaic acid with a dissociation constant of about 100 pM (Usagawa et al., 1989) .
The results show that the rate constants for binding of okadaic acid and PP2A are of the order of 107 M-1* s-', a typical value for reactions involving relatively large molecules, whereas those for their dissociation are in the range 10-4-s0-s-1. The very low values of the latter seem to be the determining factor for the exceedingly high affinity of okadaic acid for PP2A. The dissociation constants for the interaction of okadaic acid with the the ratio of the rate constants, are both in the range 30-40 pm, in agreement with previous dose-inhibition analyses.
EXPERIMENTAL Materials Okadaic acid, isolated from the black sponge (Halichondria okadai), was kindly given by Dr. Yasumasa Tsukitani (Fujisawa Pharmaceutical Co., Tokyo, Japan). Mouse IgGl monoclonal antibody against okadaic acid, prepared by the method of Usagawa et al. (1989) , was a gift from Ube Industries Ltd. (Ube, Japan). pNPP was purchased from Sigma Chemical Co. All other chemicals were of analytical grade.
Preparation and assay of PP2A
The catalytic subunit of PP2A was prepared from rabbit skeletal muscle by the method of Tung et al. (1984) . The molar concentration ofPP2A was determined by the titration procedure with okadaic acid as described previously (Takai & Mieskes, 1991; Takai et al., 1992) .
The activity of PP2A was measured with pNPP as substrate essentially by the method described previously (Takai & Mieskes, 1991; Takai et al., 1992) ; for the pNPP phosphatase activity of PP2A, see also Goris et al. (1989) and Cayla et al. (1990) .
All assays were carried out at 25 'C. Reaction mixtures contained 40 mM-Tris, 34 mM-MgCl2, 4 mM-EDTA and 4 mm-DL-dithiothreitol (pH 8.4, adjusted with HCl at 25°C). Liberation of the reaction product (p-nitrophenol) was continuously monitored by tracing the increase in absorbance at 400 nm with a U 1100 spectrophotometer (Hitachi Co., Tokyo, Japan) connected to a pen recorder. Digital output from the spectrophotometer was simultaneously recorded with a PC9801 computer (NEC, Tokyo, Japan) for mathematical analyses.
THEORY Symbols and model
The symbols used are defined in Table 1 . Ordinary inhibition mechanisms are generally represented by Scheme 1. The following relations exist between the rate constants and the kinetic constants:
Ko= k3/k3
(1) Competitive and uncompetitive inhibitions are treated as special cases where k,4 = 0 and k+3 = 0 respectively (Cleland, 1963) . In this paper, the terms 'non-competitive inhibition' and 'mixed inhibition' are used for inhibitions where Ko = K1 and Ko < K1 respectively, as defined by Dixon & Webb (1979a,b Fig. 2 
below).
For uncompetitive inhibition where k+3 = 0, eqn. (13) becomes a(s) = k+4s/(l +s) (16) Thus, the mode of inhibition can be estimated by examining the dependence of a on s.
The dissociation constant, Ki, is also a function of s:
(17) Suppose that the inhibitor is added at t = 0 after a steady-state velocity (vo) is measured. Then, imposing on eqn. (12) the boundary condition that x = 1 at t = 0, we get where (4) and (5) of Takai & Mieskes (1991) ]. Rate equations as used by Cha (1976) 
We use this relation to experimentally estimate the value of a for a given value of s because A can easily be determined from progress curves (see Fig. 1 below) . The values -of k,3 and k,4 are then estimated by fitting eqn. (13) to a set of(s, a) data. Generally, the coefficient y is a function of s [see eqns. (17), (19) and (21) 
where , is the apparent first-order rate constant which is defined
It can be shown from eqns. (3), (13) and (17) Accumulation of p-nitrophenol produced by dephosporylation of pNPP by PP2A (2 nM) was recorded as the increase in absorbance at 400 nm.
After the control activity (vo) had been measured (not shown), okadaic acid (5 mM) was applied (t = 0) and the time-course of the ensuing decrease in activity was recorded. The results obtained with different concentrations of substrate were superimposed. In order to make comparison of the curves easy, the residual linear component vox(oo)t has been subtracted from P(t). The time-course was well fitted by the theoretical function [eqn. It is important to consider how high the concentration of antibody, A, should be, so that the approximate equation (30) can be used. A sufficient condition for this is: In the present paper, the values of a were calculated by using eqn. (24) with the use of the values of A directly measured from experimentally obtained progress curves (see the Results section). For analysis of the data from the experiments with antibody, a non-linear least-squares method without weighting (Snedecor & Cochran, 1980,a,b) was applied to fit the theoretical function (31) to progress curves to give the estimates of fi. The rate constants were determined by fitting eqns. (13) and (28) to the sets of observations (s, a) and (s, f) respectively (see above). The fitting procedure used was essentially the same as that described previously for determination of Et and Ki (Takai et al., 1992) .
The procedure is a modification of the direct linear plot (Porter & Trager, 1977; Cornish-Bowden et al., 1978) , by which the kinetic constants were determined. Ranks corresponding to 95 % confidence limits were calculated with correction for replicated observations, as described by Kendall (1970) . Other numerical data are presented as means+S.E.M.
RESULTS
Time-course of inhibition of PP2A activity by okadaic acid Fig. 1 shows the time-course of the decrease in the pNPP phosphatase activity of PP2A after application of okadaic acid. The reaction was started by addition of the substrate to the buffer containing PP2A (2 nM), and after the steady-state velocity (v0) had been measured, okadaic acid (5 nM) was applied (t = 0). and k+4, which were determined by the non-parametric statistical procedure (see Table 2 ). Graphs of eqn. (13) (14) and (15)].
The time-course of the ensuing inhibition was observed with various concentrations of the substrate (S = [pNPP] ). The values of the apparent second-order rate constant, ac, were calculated by eqn. (24) using the values of A, which were determined as the plateau level of the progress curves obtained ( Fig. 1; solid lines) . This simple procedure seems to be adequate because eqn. (22) was well fitted to the data by using the values of ac obtained thereby (dashed lines). Fig. 2 shows the dependence of a on the substrate concentration, S. The reciprocals of the values of a obtained by the above procedure were plotted against S. Table 2 gives the values of k+3 and k+4 estimated by fitting eqn. (13) to the results.
Both the rate constants were significantly larger than zero and
Time-course of interaction of okadaic acid with protein phosphata (13)- (16)]. In Fig. 2 , the graphs of eqn. (13) (14) and (15)].
Time-course of recovery of the activity after application of the monoclonal antibody against okadaic acid
As shown in Fig. 3 , the pNPP phosphatase activity of PP2A suppressed by okadaic acid was recovered by application of the monoclonal antibody (IgGl) in a highly time-dependent manner.
The reaction was started by addition of the substrate (1-20 mM) to the buffer containing PP2A (2 nM) and okadaic acid (2 nM).
The monoclonal antibody (about 2/,LM) was added after the steady-state velocity in the presence of okadaic acid [ = v0x(0)] had been measured. The time-course of the resulting recovery of the activity was very slow. The fractional activity x was restored only to 0.3-0.5 even 600 s after application of the antibody. This is not because the amount of the antibody added was too small to sequestrate okadaic acid in the reaction mixture. Okadaic acid exerted very little inhibitory effect on the phosphatase activity when it was applied after the reaction was started in the presence of the same amount of the antibody (results not shown). Usagawa et al. (1989) (Takai & Mieskes, 1991 Using the value of K, (30 pM) estimated from previous doseinhibition studies (Takai & Mieskes, 1991; Takai et al., 1992) , which is supported by the present time-course analyses, the standard free-energy change for the binding of okadaic acid and PP2A is estimated by the equation AGO' = RTlnKI (where K, is measured in mol/l) at -60 kJ/mol. Since the standard freeenergy change of formation of single hydrogen bonds or electrostatic bonds is in the range -10 to -30 kJ/mol (see e.g. Rawn, 1989 ), it appears that there are more than one intermolecular interactions in the binding of okadaic acid and PP2A.
The fact that the values of k+3 and k+4 do not approach 109 M-1 * s-1, the maximal value estimated for a purely diffusioncontrolled process, may be interpreted in terms of a timerequiring fit in the interaction sites, which involves the process of orientation of the inhibitor on the enzyme surface and conformational changes of the enzyme.
Calyculin A (Ishihara et al., 1989) and microcystin-LR (MacKintosh et al., 1990) have been reported to be strong inhibitors of protein phosphatases. The published dose-inhibition relationships for these toxins indicate that they also belong to the category of tightly binding inhibitors, for which kinetic analysis based on the Michaelis-Menten equation is not applicable. It should be pointed out that the method described in this paper can be applied in principle to any tightly binding inhibitor which reacts with an enzyme in a time-dependent manner if a strong and specific sequestrator of the inhibitor is available. For the purpose of applying the method to calyculin A or microcystin-LR, some types of antibody against them may be useful as the inhibitor-sequestrating agents required.
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